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Abstract 


Low-voltage (1.5 V) indium zinc oxide (IZO)-based electric-double-layer (EDL) thin-film 
transistors (TFTs) gated by nanogranular proton conducting SiO2 electrolyte films are 
fabricated on paper substrates. Both enhancement-mode and depletion-mode operation are 
obtained by tuning the thickness of the IZO channel layer. Furthermore, such flexible IZO 
protonic/electronic hybrid EDL TFTs can be used as artificial synapses, and synaptic 
stimulation response and short-term synaptic plasticity function are demonstrated. The 
protonic/electronic hybrid EDL TFTs on paper substrates proposed here are promising for 
low-power flexible paper electronics, artificial synapses and bioelectronics. 


(Some figures may appear in colour only in the online journal) 


1. Introduction 


Recently, ionic/electronic hybrid devices including electric- 
double-layer (EDL) thin-film transistors (TFTs), resistive 
switching devices, etc have been paid much attention due to 
their potential applications in information processing systems, 
bioelectronics and neuromorphic systems [1—8]. In the case 
of EDL TFTs, the extremely strong electrostatic coupling 
between the mobile ions/protons in the gate dielectric and 
the carriers in the channel layer is crucial for low-voltage 
operation [9, 10]. For example, 3.0 V operation of organic 
EDL TFTs was realized when PEO/LiC10, electrolyte was 
used as the gate dielectric [11]. At the same time, this kind 
of ionic/electronic hybrid TFT could be used for mimicking 
the learning and memory functions of biological synapses 
[12, 13]. For example, Chen et al fabricated Si-based synaptic 
transistors by integrating a layer of RbAggls ionic conductor 
and a layer of ion-doped MEH-PPV conjugated polymer 
into the gate dielectric. The signal processing and learning 
functions of biological synapses have been successfully 
emulated in such synaptic transistors [14]. 


At the same time, paper is not only a cheap and widely 
used material, but also a natural and recyclable one [15]. 
Recently, there have been some reports on TFTs fabricated 
directly onto paper substrates, and such paper TFTs are promis- 
ing for low-cost flexible and environmental-friendly electron- 
ics [16, 17]. In our previous work, low-voltage oxide-based 
EDL TFTs gated by nanogranular SiO» or chitosan electrolyte 
have been fabricated on paper substrates [18-21]. However, no 
artificial synaptic function, such as paired-pulse facilitation, 
was studied for these oxide-based EDL TFTs. Here, indium 
zinc oxide (IZO)-based protonic/electronic hybrid TFTs were 
fabricated on paper substrates by a simple one-shadow-mask 
process. A controllable operation mode was realized by tuning 
the thickness of the IZO channel layer. Furthermore, these 
flexible devices could also be used as artificial synapses, 
and synaptic stimulation response and short-term synaptic 
plasticity were successfully mimicked. These oxide-based 
protonic/electronic hybrid TFTs may greatly enrich the content 
of flexible oxide-based electronics. 
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2. Experimental section 


The paper substrate used for protonic/electronic hybrid TFT 
fabrication was commercially available photo paper for ink- 
jet printing. Radio-frequency (RF) magnetron sputtering and 
plasma-enhanced chemical vapor deposition (PECVD) were 
used for transistor fabrication. The entire fabrication process 
was performed at room temperature. Firstly, a 1.0-~m-thick 
SiOz buffer layer was deposited on the paper substrate for 
surface passivation and smoothness. Secondly, a 200 nm-thick 
IZO bottom gate film was deposited on the SiO2 passivated 
paper substrate by RF magnetron sputtering with a vacuum 
pressure of 0.5 Pa. Thirdly, a nanogranular SiO2-based elec- 
trolyte with a thickness of ~550 nm was deposited by the 
PECVD method; the detailed deposition conditions were de- 
scribed in our previous report [22]. Finally, the fabrication of 
the IZO-based TFTs on paper substrates was completed by 
RF sputtering of IZO source/drain electrodes through a nickel 
shadow mask with a designed channel width and length of 
1000 um and 80 um, respectively. It should be pointed out 
that the reflection of IZO nanoparticles at the mask edge and 
the IZO nanoparticles with a low incident angle will lead to 
a self-assembled IZO channel between the IZO source and 
drain electrodes during RF sputtering deposition, as shown 
in figure l(a). A photo of the bent oxide-based TFT arrays 
on paper substrates is shown in figure 1(b), which demon- 
strates a good flexible character. Electrical characterization 
of the nanogranular SiO2 solid electrolyte was performed by 
an impedance analyzer (Solartron 1260). All the electrical 
measurements of the oxide-based EDL transistor and synaptic 
behavior were made by using a semiconductor parameter 
analyzer (Keithley 4200 SCS) at room temperature in air 
ambient at a relative humidity of 50%. 


3. Results and discussion 


3.1. Characterization of the nanogranular SiO, electrolyte film 


The microstructure of the PECVD-deposited nanogranular 
SiO2 film was characterized by cross-sectional scanning elec- 
tron microscopy (SEM) and transmission electron microscopy 
(TEM) in our previous report [22]. Lots of aligned nanochan- 
nels were observed in the as-deposited nanogranular SiO2 
films, which is favorable for proton migration. Figure 2(a) 
shows the impedance spectroscopy of the IZO/nanogranular 
Si02/IZO sandwich testing structure. The proton conductivity 
of the nanogranular SiO2 film was determined from Cole—Cole 
plots collected as real (Re Z’) and imaginary (Im Z”) compo- 
nents of the complex impedance, as shown in figure 2(b). An 
impedance real value (R) of ~305 Q is obtained when the 
impedance imaginary value is zero. The proton conductivity 
(o) can be calculated from the following relation [23]: 


= D 
=R Ro)A 
where D, A and Ro are the thickness of the nanogranular 


SiO? film, the electrode surface area and the resistance of the 
electrode, respectively. The thickness D is ~550 nm, A is 


IZO conductive layer 


(b) 


Figure 1. Schematic of self-assembled protonic/electronic hybrid 
IZO-based EDL TFTs on paper substrates gated by nanogranular 
SiO» proton conducting electrolytes; (b) a photo of the bended TFT 
arrays on the paper substrate. 


~1.5 x 1073 cm?, while Ro is ~30 Q. Therefore, the proton 
conductivity of the nanogranular SiO2 films is estimated to be 
~1.2 x 1074 S cm7!. Figure 2(c) shows the current leakage 
curve of the nanogranular SiO films in bias voltages from 
—1.5 to 1.5 V. A relatively low leakage current of <4.0 nA was 
measured, which is much lower than that of ion gel dielectrics 
under the same conditions [24]. The above results strongly in- 
dicate that the room-temperature deposited nanogranular SiO2 
film is an electronically insulating but proton conducting solid 
electrolyte. In order to analyze the polarization mechanism 
of the proton conducting SiOz film, the frequency-dependent 
specific capacitance of the nanogranular SiO? film was tested, 
as shown in figure 2(d). The specific capacitance increases with 
decreasing frequency, and a maximum value of ~6.2 uF cm~? 
is obtained at 1.0 Hz. The high capacitance of the SiO2 proton 
conducting film at low frequency is attributed to the formation 
of a Helmholtz layer with a thickness of ~1.0 nm at the 
SiO2/IZO interface [25]. Such large specific capacitance can 
provide strong capacitive coupling between the gate electrode 
and the IZO channel, which can greatly reduce the operation 
voltage of such TFTs. In order to further explain the polar- 
ization mechanism of the SiO2-based proton conductor, the 
phase angle was measured as a function of the frequency, as 
shown in figure 2(d). It is well known that the phase angle 
of an ideal capacitor is —90° while it is 0° for an ideal 
resistor. Therefore, this phase-angle curve indicates a more 
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Figure 2. (a) Schematic of the IZO/nanogranular Si02/IZO sandwich testing structure; (b) Cole—Cole plots of the nanogranular SiO 
electrolyte film; (c) leakage current curve of the IZO/Si02/IZO testing structure; (d) the frequency-dependent specific capacitance and 


phase-angle curves of the nanogranular SiO» film. 


resistive behavior when frequency >60 kHz (@(f) < 45°), 
whereas a more capacitive behavior when frequency < 60 kHz 
(O9(f) > 45°). In the low-frequency region (f < 60 kHz for 
—0 (f) > 45°), the EDL formation is the dominant polarization 
mechanism. In this region, the mobile protons have enough 
time to migrate to the interface, which results in a larger EDL 
capacitance at the SiO2/IZO interface, which is favorable for 
low-voltage operation. 


3.2. Electrical performance of the oxide-based EDL TFTs on 
paper substrates 


In our previous work, we found that the thickness of the 
channel layer could be controlled by changing the distance 
between the nickel mask and the substrate [26]. In this 
work, IZO-based EDL transistors with two different channel 
thicknesses (15 and 30 nm) are self-assembled by tuning the 
distance between the shadow mask and the paper substrate. 
When the distance is ~50 um, the thickness of the self- 
assembled channel layer is estimated to be ~30 nm. When 
the distance is reduced to ~30 um, the thickness of the 
self-assembled channel layer is ~15 nm. If the distance is 
too small (<10 um), the self-assembled channel gradually 
disappears. In our experiment, IZO channel layers are directly 
exposed to air ambient without surface passivation, which 
will result in oxygen adsorption on the channel surface. 
Therefore, the adsorbed oxygen can capture electron from 
the conduction band and result in channel surface depletion. 
At the same time, mobile protons in the SiO2 electrolyte 
can partially deplete the IZO channel too. When the channel 
thickness (30 nm) is larger than the total thickness of the two 


depletion layers, the channel is only partially depleted under 
zero gate bias and the device will operate in a depletion-mode. 
When the channel layer thickness is reduced to 15 nm, 
the channel layer is almost completely depleted under zero 
gate bias, then enhancement-mode operation can be obtained. 
Figure 3(a) shows the output characteristics of the device 
with the 15 nm-thick IZO channel. The drain current (Tas) 
versus drain voltage (Vas) curves were measured at various 
gate voltages (Vgs) from 0 to 0.7 V with 0.1 V steps. This 
device exhibits n-type enhancement-mode characteristics. A 
quite high Jy, current of ~130 uA is obtained at Vas = 1.5 V 
and Vgs = 0.7 V. Figure 3(b) shows the corresponding transfer 
characteristics at the fixed Vg, of 1.5 V. It can be seen that 
the TFTs exhibit a high performance with a large current 
on/off ratio above 10° and a small subthreshold swing (SS) of 
~100 mV/decade. An anticlockwise hysteresis with a small 
threshold voltage shift of ~0.1 V is observed due to the mobile 
protons in the nanogranular SiO2 proton conductor. The 
field-effect mobility (upe) in the saturation regime is estimated 
to be ~10.3 cm? V7! s7! by the following relation [27]: 


WCi 
Ias = (==) (Ves = Vn)” 


where the specific gate capacitance (C;) is ~6.2 uF cm7’, 
and the width (W) and length (L) are 1000 um and 80 um, 
respectively. A threshold voltage (Vin) of 0.31 V is obtained 
from the (Ias) 2 versus Ves plot, indicating that the IZO TFT 
with 15 nm thick IZO channel works in an enhancement-mode. 
The low-voltage operation (1.5 V) is attributed to the large 
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Figure 3. (a) Output characteristics and (b) transfer characteristics of the IZO-based EDL TFTs on paper substrates with 15 nm-thick 
channel layers; (c) output characteristics and (d) transfer characteristics of the IZO-based EDL TFTs on paper substrates with 30 nm-thick 


channel layers. 


EDL electrostatic coupling effect of the SiO2-based proton 
conductor. 

Figures 3(c) and (d) show the electrical characteristics 
for protonic/electronic hybrid EDL paper transistors with 
30 nm-thick self-assembled IZO channels. The Jy, versus 
Vas Curves were measured at various gate voltages (Vgs) from 
—0.2 to 0.3 V with 0.1 V steps, as shown in figure 3(c). The 
maximum current of ~240 uA is obtained at Vas = 1.5 V and 
Ves = 0.3 V. The corresponding transfer characteristics were 
performed at a fixed Vas of 1.5 V. The current on/off ratio and 
subthreshold swing (SS) are determined to be ~2 x 10° and 
~95 mV /decade, respectively. The threshold voltage (Vin) is 
determined to be ~—0.35 V, indicating that the device works 
in depletion-mode. The field-effect mobility is estimated to be 
~14.3 cm? VT! s™!, 


3.3. Oxide-based paper TFTs for flexible artificial synapse 
applications 


Biological synapses are the connections between biological 
neurons. In our brain, signal processing, memory and learning 
functions are all achieved by modulating the ion flow in 
neurons and synapses. The ionic fluxes through the ion chan- 
nels localized at synapses result in movements of neurotrans- 
mitters, modulating the synapse efficacy in establishing the 
relationship between pre-synaptic neurons and post-synaptic 
neurons [28]. The pre-synaptic neuron spikes would trigger 
ion excitatory post-synaptic currents (excitatory post-synaptic 
current, EPSC) in biological systems [29, 30]. In our case, 
the gate electrode and channel layer can be regarded as the 
pre-synaptic neuron and post-synaptic neuron, respectively, 


while the protons within the nanogranular SiO2 films can be 
used as the neurotransmitters, as shown in figure 4(a). Proton 
migration triggered by pre-synaptic spikes applied on the IZO 
gate electrode results in the establishment of inter-connections 
between the pre-synaptic neuron and the post-synaptic neuron. 
As shown in figure 4(b), this process is analogous to the spike 
modulated movement of the neurotransmitters in biological 
synapses, modulating the synapse efficacy in establishing 
the relationship between pre-synaptic neurons and the post- 
synaptic neurons. 

To test the synaptic response of the oxide-based synaptic 
transistors, a pre-synaptic spike (1.0 V, 50 ms) was applied on 
the gate electrode, as shown in figure 4(c). The post-synaptic 
current is measured with a constant drain—-source bias of 
0.5 V. As shown in figure 5, the pre-synaptic spike triggers 
an excitatory post-synaptic current (EPSC) above the resting 
current (~11.5 nA). The EPSC reaches a peak value of 
~190 nA at the end of the spike, and gradually decays back 
to the resting current. Such EPSC behavior is quite similar 
to an EPSC process in a biological excitatory synapse. In 
the protonic/electronic hybrid synaptic transistor proposed 
here, protons in the nanogranular SiO2 proton conducting 
film sandwiched between the gate electrode and the IZO 
channel play an essential role in triggering the EPSC. When a 
pre-synaptic spike is applied on the gate electrode, positive 
charged protons are driven towards and accumulate at the 
SiO2/IZO interface, which attracts free electrons in the IZO 
channel and increases the post-synaptic current through the 
IZO channel. After the pre-synaptic spike, protons gradually 
drift back to their equilibrium positions in the SiO2 proton 
conductor, resulting in a decreased electron concentration in 
the IZO channel and a decreased post-synaptic current. 
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Figure 4. (a) Schematic image of the IZO-based synaptic transistor; (b) a schematic image of a biological synapse; (c) the symbol represents 
the IZO-based synapse (a pre-synaptic spike applied on the bottom IZO gate electrode triggers an EPSC in the IZO channel layer). 


Paired-pulse facilitation (PPF) is acommon form of short- 
term synaptic plasticity in biological synapses and is essential 
to decode temporal information in auditory or visual signals. 
When a pre-synapse receives two spikes in rapid succession, 
the post-synaptic response will commonly be larger for the 
second than for the first spike. With decreasing inter-spike 
duration time, a greater post-synaptic response or a higher 
PPF would be obtained [31, 32]. The synaptic transistors 
proposed here could also process temporally correlated spikes 
and generate temporal analog logic such as PPF. Figure 6(a) 
shows a scheme of the EPSCs triggered by a pair of tempo- 
rally correlated pre-synaptic spikes in our IZO-based synaptic 
transistor. PPF is demonstrated by applying two successive 
pre-synaptic spikes (1.0 V, 50 ms) with an inter-spike inter- 
val, Atpre, ranging between 10 and 2000 ms. As shown in 
figure 6(b), the EPSC triggered by the second pre-synaptic 
spike is larger than the EPSC triggered by the first spike with 
the inter-spike duration of 100 ms. The PPF index, defined 
as the ratio of amplitudes between the second EPSC and the 
first EPSC, is plotted versus Afpre in figure 6(c). The PPF 
index reaches a maximum value of ~195% at Atpre = 10 ms 
and gradually decreases with increasing Afpre. After the first 
spike, the protons within the nanogranular SiO electrolyte 
would drift back to their equilibrium positions due to the 
concentration gradient. If the inter-spike interval is very short, 
the protons triggered by the first spike will still partially reside 
near the IZO channel. Thus, the protons triggered by the second 
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Figure 5. A pre-synaptic spike (1.0 V, 50 ms) applied on the bottom 
IZO gate electrode and the channel EPSC triggered by the spike are 
shown versus time. The insets illustrate the distributions of protons 
(cyan balls) in the nanogranular SiO2 gate dielectric and free 
electrons (red balls) in the IZO channel (a) before, (b) during, and 
(c) after the pre-synaptic spike is applied. 


spike are augmented by the residual protons triggered by the 
first spike. The longer Atp;e would induce fewer residual 
protons near the IZO channel and result in a lower value 
of A2/A1. Thus, PPF and short-term synaptic plasticity are 
mimicked in our IZO synaptic transistors. 
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Figure 6. (a) Schematic image of the EPSCs triggered by a pair of 
temporally correlated pre-synaptic spikes; (b) a pair of pre-synaptic 
spikes and the triggered EPSC. A1 and A2 represent the amplitudes 
of the first and second EPSCs, respectively; (c) the PPF index 
(A2/A1) is plotted as a function of inter-spike interval (Atpre) 
between the two spikes. 


Although two-terminal memristors have been reported 
to be good candidates for artificial synapse applications, 
two-terminal memristors shows similarities to ‘point-to-point’ 
connected synapses. In two-terminal memristor devices, the 
conductance between the top and bottom electrodes is usually 
used as the synaptic weight. Three-terminal transistors show 
similarities to “point-to-line’ connected dendrite synapses. 
These kinds of devices are also interesting for artificial 
synapses where the channel conductance is regarded as the 
synaptic weight. In a synaptic transistor, the gate is used as the 
pre-synaptic input terminal while the channel layer is regarded 


as the post-synaptic output terminal in a neuron’s dendrite. 
For the construction of an artificial synapse network with 
many different pre-synaptic inputs, a three-terminal synaptic 
transistor with multiple gates is much better. Therefore our 
synaptic transistors are interesting for the realization of future 
neuromorphic computing systems. 


4. Conclusions 


In summary, flexible [ZO-based protonic/electronic hybrid 
TFTs gated by nanogranular SiO2 proton conducting elec- 
trolyte were fabricated on paper substrates by a simple 
one mask process at room temperature. Depletion-mode 
to enhancement-mode transition was realized by reducing 
the distance between the metal mask and the paper sub- 
strate. Furthermore, such three-terminal devices can also be 
used as flexible ‘point-to-line’ connected artificial synapses, 
and synaptic stimulation response and short-term synaptic 
plasticity function were experimentally demonstrated. Such 
IZO-based EDL TFTs on paper substrates may have potential 
applications in low-power paper electronics, flexible artificial 
synapses and neuromorphic systems. 
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